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The Collinear Antenna Array with a

Section of Two-Wire Line as Coupling Element
by
Charles C. H. Tang
Cruft Laboratory, Harvard University

Cambridge, Masscchusetts

Abstract

The problem of a symmetrical three-element collinear antenna array
with a section of two-wire line as the coupling element between antennasis
studied in order to obtain qualitatively the conditions under which the cur-
rents in the parasites are in phase with the currents in the driven antenna.
The phasc of the currents in the parasitic elements is reversed only when
{1} the overazll length of the section of two-wire line and tane parasite is
near an odd integral multiple of a quarter-wavelength, and (2) the position
of the short-circuiting bar or tandem bridge on the section of line is about
a quarter-wavelength away from the array. +ue reversal of the phase of
the current on the parasite is independent u{ the length of the driver, but
the length of the driver is involved in the driving-point impedance. The
current on the array as a whole can be decemposed into a main antenna
current and a secondary antenna current. The main antenna current due
to the driving voltage is excited on the driver and the two-wire line, while
the gap voltage produced indirectly by the main antenna current is respon-
sible for the secondary antenna current on the driver and parasite. It is
the secondary antenna mode that causes the reversal of the phase of the
current on the parasite. The radiation field of the array as a whole is a
superposition of the two-fields produced respectively by the current on the
two-wire lire and that on the driver and parasites.

Th= analysis of the collinear antenna array of three elements has been
carried out by King [1] and by Andrews [2] using a different approach. King{3]
aiso made an approximate analysis of the collinear antenna array with a two-
wire line as coupling element. A general quantitative analysis of the problem
of the collinear antennaarray with two-wire line as coupling elementisnecessar-
ily very complicated, since in addition tothe parameters, thickness and iength,
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for a simple dipole antenna it has the following extra parameters: number

and length of parasites, spacing between the driver and the parasite, lengin

of the two-wire line, and the position of the short-circuiting bar on the two-
wire line. The presence of the two-wire line in a direction perpendicuiar

to the array introduces extra complexity on coupling effects among the elements

of the array, and the problem becomes a two-dimensional one.

The purpose of utilizing the two-wire line as a coupling element lies
in an attempt to reverse the phase of the current on the parasites so as
to obtain a field pattern similar to that produced by a simple collinear ar-
ray with its individual units center-driven with inphase currents of approxi-
mately the same magnitude. Such is not the case as will be discussed later,
since the presence of the two-wire line in a direction perpendicular to the
array essentially introduces a field pattern in space quadrature with that
of the array alone. This is due to the fact that codirectional anteana cur-
rents exist on the two-wire line and contribute significantly to the distant
field. In fact, the problem is similar to that of an antenna with a right-angle
bend, and a mathematical analysis of an antenna with a right-angle bend is

not yet available.

To obtain an overall picture of the characteristics of the array,
measurements are presented in this report that cover various combinations
of the parameters mentioned above. The length of the parasite has been
fixed at a half-wavelength for all measurements, since this is the length

of practical importance and interesi.

The equipment used for the measurements is described in Technical
Report No. 177. It consists of an image screen and a driving coaxial line
with suitable probes to measure the current distribution on the antenna and
in the driving line. The frequency is 600 Mc/s. The inside diameter of
the 2uter conductor of the coaxial line is 2.032 in., and the diameter of the
inner conductor or antenna is 1/4 in. The characteristic impedance of the
Iing ie 123.60, and it has a phase constant of 12.775 rad/in and a theoretical
attenuation of €.003 repers/m. Figure 1 shows a block diagram of the cir-
cuit used, and Fig. 2 shows the actual arrangement of the equipment. The
diameter of the anterna used in the measurements is 1/4 in. The section of

two-wire line used as a coupling element has a djameter of 1/16 in. and
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a spacing of 1/2 cm (Tfl)U)‘) which satisfies the condition p°b<<1 in order

to prevent significant radiation from the balanced mode on the two-wire line.
The two-wire Jine for these dimensions has a characteristic impedance of

220 2. The short-circuiting bar used on the two-wire line is of tandem-bridge
type in order to isolate the balanced mode within the short-circuited portion of

the two-wire line.

Figure 3 shows the measured impedance for lengths of two-wire line of
25 cm (-%)\), 33 cm, and 37.5cm (% M\ } with the position of the short-circuiting
bar or tandem bridge on the two-wire line as the variable parameter. Figure
4 shows the phase and amplitude of the current at the center of the parasite
relative to that near the driving point. The exact magnitude and phase of the
current at the driving point can not be measured directly by the auxiliary cur-
rent probe due to physical difficulties; however, they can be obtained by extra-
polation with the aid of the main current probe inside the driver antenna. The
method of the extrapolation has not heen used since it involves a considerable
amournt of labor and, in addition, the results may not be accurate. Since only
the relative change of the magnitude and phase of the current on the parasite
with respect to that on the driver is of interest, the choice of reference point
on the driver and parasite is not critical, so long as the reference point is
maintained throughout the measurements. The curves of normalized current
shown in Fig. 4 yield an excellent picture of the relative change of the cur-
rent at the parasite to that on the driver. All the measured points fit rather
smoothly on circles, and the position of the circles rotates in clockwise di-
rection as the length of the two-wire line increases. It is seen that the phase
of the current on the parasite does reverse when (1) the total length of the
parasite and two-wire line is near an odd multiple of quarter-wavelength,
and (2) the short-circuiting bar is placed about a quarter-wavelength away
from the array. For lengths other than thar near an odd multiple of a quarter-
wavelength, the phase of the current on the parasite never reverses regard-
less of where the short-circuiting bar is placed. When the short-circuiting
bar is placed about a half-wavelength away from the end at the antenna, the
current on the parasite is about 180 degrees cut of phase to that on the driver

for all lengths of the two-wire line.

From both Fig. 3 and Fig. 4 it is seen that the variations of current



TR194 ==

and impedance are relatively small when the total length of the parasite and
two-wire line is a multiple of half-wavelength. The interpretation of these
measurad results can be made clearer with the aid of Fig. 5. Consider the
configuration if Fig. 5(a) where the length of the two-wire line is %)\ , and

the position of the short-circuiting bar is ;i—k away from the array. Because
of the presence of the two-wire line, the quarter-wavelength driver is effec-
tively lengthened by an amount equzl to the length of the two-wire line, and
consequently the array as a whole has a main antenna current oscillating
around a right-angle-bended antenna with the bend a quarter-wavelength away
from the image plane. This main antenna current is 8chematically shown,
without considering mutual action due to the bend, by full lines in Figs. 5(a),
(b), (c), (d). A justification of the above statement is necessary because the
presence of the parasite must be taken into consideration. The parasite

does play an important role in changing the characteristics of the array as

a whole; however, its effect on the driver is entirely different from that of the
two-wire line. Becpuse the parasite is not directly connected to the driver,
but directly connected to the two-wire line, the coupling between the driver and
the parasite is similar to that of a simple three-element collinear array. The
presence of the half-wavelength parasite does not significantly change the
distribution and magnitude of the current on the driver. On the other hand,
the presence of the two-wire line drastically alters the distribution and mag-

nitude of the current on the driver.

The current induced on the parasite is partly due to the coupling from
the antenna current on the driver and partly due to the direct coupling from
the antenna current on the two-wire line. These two couplings to the parasite
are present all the time, but the distribution and magnitude of the induced
current on the parasite are deterrnined mainly by the total length of the para-
site and two-wire line. This is due to the fact that any induced current onthe
parasite must surge through the two-wire line since the two-wire line is
directly connected to the parasite. Accordingly, if the total length of the para-
site and two-wire line is nearly seclf-resonant, a very strong oscillation will
be produced on them. This self-resonant current on the parasite and two-wire
line is shown by dashed lines in Figs. 5(b) and (d). Orn the other hand, if

the total length is near a detuning length, the induced current on the para-
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site and two-wire line will be negligible. Figures 5(a) and {c) show such

cases.

It is now necessary to analyze the mechanism by which the balanced
mode is produced on the short-circuited section of the two-wire line. From
Fig. 5 it is seen that the end A of the two-wire line is in contact withthedriver,
while the end C is not. As the main antenna current begins to oscillate on
the driver and two-wire line, that part of the antenna current on section AR
of the two -wire line will induce an e.m.f. in section CD in such a direction
as to produce a current of proper magnitude to oprose that in AB. This in-
duced current on CD will in turn induce an opposite current in AB, and this
mutual induction proceeds until equilibrium is reached. Therefore, in the
short-circuited section ABCD of the twc-wire line a balanced mode (shown
by dash-and-dct line 1n Fig. 5) is set up, and a voltage exists between op-
posite points on AB and CD. There is, of course, a voltage existing between
the gap or between the points A and C. Since the short-circuiting bar is
placed 2t BD, according to transmission-line theory BD must be at current
maximum or voltage minimum. The gap voltage will be a maximum, if
the short-circuited section is about l)\ in length as shown in Figs. 5(a) and

4
(b). It will be a minimum if the short-circuited section is about l)\ in length

as shown in Figs. 5(c) and (d). Since the balanced mode on the tho-wire line
is not exactly sinusoidal due to nonsinusoidal antenna current, the gap volt-
age may not be exacily a maximum with the short-circuiting bar placed %)\
away from the gap. It is important to notice that there is no balanced mode
on the free-end section of the two-wire line. The free-end section simply

presents itself as a section of antenna which is thicker than the section AB,

As a result of the presence of the gap voltage, a secondary antenna
current is produced in the driver and the parasite. In fact, this configuraticn
is that of an off-center-driven dipole erected over an image plane. This case
has been anaiyzed by Taylor [4] and the actual distribution of current depends
upon the lengths of the driver and the parasite. For the configuration of
Fig. 5 the actual current distribution is not as simple as that shown by dotted
lines in Fig. 5, but Fig. 5is a good approximation. The important point is
that the currents in the driver and parasite at corresponding points (with gap

as point of symmetry) have approximately the same phase and magnitude. It
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is this secondary antenna current which is responsible for the reversal of
the current on the parasite. For the configuration of Fig. 5(a) the signifi-
cant current present on the parasite is the secondary antenna current due
to gap voltage, since the induced current on the parasite and two-wire line
is small as a result of the detuning effect of the over-all length. The cur-
rent on the driver is the algebraic sum of the main antenna current and
secondary antenna current. The phase and magnitude of the secondary
antenna current due to gap voltage depends upon the positicn of the short-
circuiting bar, while the magnitude and phase of the main antenna current
due to driving voltage are approximately constant for fixed length of the
two-wire line. For the configuration of Fig. 5(a) the current on the para-

site is approximately in phase with that on the driver.

According to the preceding discussion, there should be no current on
the parasite for the arrangement of Fig. 5(c) since the gap voltage is a
minimum or zero for & = -;—)\ . However, it should be noticed that the gap
is effectively short-circuited fcr 4 - -é—)\ as if the parasite were directly
connected to the driver. As a result an antenna curreni {double-dashed
and double-dotted line) due to driving voltage wi:i be produced on the driver
and the parasite as a continuous antenna. In fact, for this case the two-
wire line and the parasite are connected in parallel at the gap point. The
impedance looking in at the gap point is very low, because the -Z—)\ two-wire
line antenna of low impedance is connected in parallel with }'lf)‘ parasite of
high impedance. Accordingly, the input impedance at the driving point is
high since the driver is -}IX in length. This checks very well with the meas-

ured point as seen from Fig. 3 for d = %)\ and 4 2 -;—)\ :

For the configurations of Figs. 5(b) and (d) the self-resonant current on
the parasite and two-wire line i1s large. The secondary antenna current pro-
duced on the parasite because of maximum gap voltage (Fig. 5(b)) is able to
cancel only a part of the self-resonant current on the parasite, and therefore
the current on the parasite never reverses its phase. This effect is clearly
indicated in Fig. 3 for the impedance and in Fig. 4 for normalized current.
The circles for d = 25 cm(-é—)\) in both figures are small in comparison with
circles for other lengths of d, indicating that the variations of current and

impedance are small when £ is varied. In particular, the current ratiocircle
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does not enclose the origin, indicating that the current on the parasite is

never in phase with that on the driver. A series of current-distribution

curves and phase-variation curves for the configuration of quarter-wavelength
driver, half-wavelength parasite, 33 cm two-wire line, and different position

of short-circuiting bar on the two-wire line ‘are shown in Fig. 6 to Fig. 9
respectively. The crosses in these figures are the meéasured current points
obtained by the main curyent probe, and they serve as a guide in extrapolating
the measured current points obtained by the auxiliary probe into the region

near the driving point. Good correlation can be seen by comparing these curves

with the current curve for d = 33 cm in Fig. 4.

The preceding measurements and analysis used a driver of quarter-
wavelength and a parasite of half-wavelength over the image plane, and this
coniiguration with its image is equivalent to a thres-half-wave-element array
with two-wire lines as coupling elements. If a driver of half-wavelength is
used instead, the equivalent of a four-half-wave-element array results.

Figure 10 shows the normalized ratio of the current at the center of the para-
site to that at the center of the driver for a haii-wavelength driver and a half-
wavelength paraczite, and Fig. 11 shows the corresponding driving point im-
pedance. Again it is seen that the current on the parasite reverses its phase
when the total length of the parasite and two-wire line is near an odd multiple
of a quarter-wavelength. The variations of driving -point impedance and nor-
malized current ratio are smali when the total length of the parasite and two-
wire line is near a multiple of a half-wavelength. The interpretation of these
measured re. .lts is exactly the same as that for the quarter-wavelength driver
case, and it can be facilitated by using Fig. 12. It can be concluded, therefore,
that it is the total length of the parasite and two-wire line that determines the
phase reversal of the current on the parasite, and the length of the driver

plays an insignificant part in phase reversal. The length of the driver, however,
plays an important role in characterizing the driving-point impedance and field
pattern of the array. This can be seen by comparing Fig. 11 with Fig. 3. The
impedance looking at the gap for the arrangement of Fig. 12(c) is very low,
because the %)\ two -wire line of low impedance is effectively connected in par-
allel with %)\ parasite of high impedance. Thus the impedance looking at the
driving point must be also very low due to the fact that the driver is a half-

wavelength in this case. This result also checks with the measured impedance
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as seen from Fig. 11 for the circle d = %X , 8ince the point for L =25 cm(-é—)\)
does lie in the low-impedance region of the circle. Figure 13 shows the cur-
rent distribution for the configuration of a half-wavelength driver, half-
wavelength parasite, and 7::- Mitwo-wire line with shorting bar placed at 4 =

1.25 cm (almost equivalent to £ = %x). For this position of the short-circuiting
bar the gap voltage is very smail, since it is almost an equivalent short cir-
cuit at the gap. The current maximum at the end of the driver is expected,

as the current on the driver is dominated by the antenna current on the low-
impedance, right-angle-bended antenna composed of the driver (é—)\) and the
two-wire line (%)\). This measured current distribution is in agreement with

the schematic diagram of Fig. 12(c).

The analysis in the preceding paragraphs can be summauarized with
simplications by saying that on the array as a whole a constant antenna mode
(on the driver and ithe two-wire line of fixed length) due to the driving voltage
is superimposed on a secondary antenna mode due to a gap voltage the magni-
tude of which depends on the position of the short-circuiting bar on the two-
wire line. The change of the position of the short-circuiting bar apparently
does not affect the magnitude and distribution of the antenna mode ontnedriver
and the two-wire line, as the change of position of the short-circuiting bar

does not alter the length of the two-wire line.

If the short-circuiting bar is fixed permanently at the free end of the
two-wire line and the length of the short-circuited two-wire line is varied,
a different situation results. In this case, both the antenna mode on the
drivei and two-wire line due to driving voltage, and the secondary antenna
mode due to gap voltage vary simultaneously as the length of two-wire line
with a short-circuit at the free end is varied. The measured input impedance
curve and the normalized current curves for such a configuration are in
Fig. 14 and Fig. 15 respectively. Comparison of these curves with those in
Fig. 3 and Fig. 4 shows they are quite different in shape; however, the cur-
rent on the parasite does reverse its phase as in the previous configurations
only for lengths of two-wire line that are near an odd multiple of a quarter -
wavelength (for -;—X parasite case). The analysis used above is also valid for
such a configuration. Figures 16-18 show respectively the current distribu-

tions and phase variaticns for three different lengths of two-wire line shorted
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at the free end. When €is 12.5 cm (%x) the current at the ce-ter of the para-
site is approximately in phase with that of the driving point as shown in Fig. 17.
The current at the center of the parasite leads that at the driving point by

13.7 degrees for £ equal to 10.73 cm as shown in Fig. 16 and lags by 64.3
degrees for 4 equal to 14.25 ¢cm as shown in Fig. 18. (The departure of the
measured curves from the expected distributions [ broken lines] near the
junction of the antennas and the line is considered in conjunction with Fig. 19

where this effect i8 most pronounced.)

The effect of the transmission-line current on the short-circuited section
of the two-wire line will be discussed briefly. As long as the spacing between
the two-wire line satisfics the relation B b <<, the radiation in free space is
negligibly small. On the other hand, the effect of the balanced mode on the
distribution of current on the driver and the parasite may not be negligible
in certain configurations. When the short-circuited section of the two-wire
line is about i—k in length, a current minimum of the balanced mode exists at
the gap end (see Figs. 5(a) and (b), 12(a) and (b)); and its effect on the cur-
rent distribution on the driver and parasite is negligible. When the short-
circuited section of two-wire line is %X in length, a current maximum of the
balanced mode exists at the gap (see Figs. 5(c) and (d), 12(c) and (d)). Al-
though the balanced mode current is in a direction perpendicular to that on the
parasite and driver, the close coupling at the gap modifies the current distri-
bution on the driver and parasite near the gap. The effect of the transmission-
line current on the current distribution of the parasite and driver can be seen
most clearly when the two-wire line is a half-wavelength long. For this
length, the current at the gap due to the antenna mode cn the driver and the
two-wire line is a minimum and, therefnre, the effect of the transmission-
line current will not be masked. The measured current distribution and phase
variation for & =4 = %x are shown in Fig. 19. The two sharp peaks near
the gap ('and the departures of the measured < sults in Figs. 16-18 from the
broken-line urves) do not rcpresent currents in the antennas which muat,

follow approximately the amplitude curves in broken linc. The peak in &

jas
0

may be ascribéd to an intense electric field that is not perpendicular to the
axis of the antenna and thus excites the shielded-loop probe. The shielded
loop acts as a current probe only when the electric field is parallel to that

diameter of the loop that begins at the gap in the shield. Since the electric
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field at the surface of a continuous conductor is perpendicular to its surface,
the gap in the shield is arranged to be at the peoint in the loop nearest the' con-
ductor. Since the conductor in the case of Fig. 19 is not continuous and since
the charge per unit length near the end of the driver is not equal to that near
the end of the outer element, the electric field near the junction of the two
antennas and the section of line is not everywhere perpendicular to the axis
through the antennas. As a consequence the electric field maintained by the
large concentrations of charge on all conductors near this junction maintains
a potential difference across the gap in the shielded loop which very much ex-
ceeds the voltage induced by the currents in the antennas. Note that these
are small near the junction. Similar peaks are in Fig. 16, but they are rela-
tively much smaller since the electric field is less intense. In Fig. 16 the
charges on the adjacent ends of the antennas are opposite in sign, in Fig. 19
the sarmne in sign. Irregvlarities in the shape of the curves near the junction
also are observed in Figs. 17 and 18 for the same reason.

All measurements above make use of the antenna of 1/4 in. diameter.
For quarter-wavelength driver it has an = ZCn%Th £ 8.7. A verythinantenna
of 0.0285 in. diameter, which for %)\ driver corresponds to an Qof 13.1is
used for the configuration shown in Fig. 20. The measured impedance curve,
when compared with that of Fig. 14 for the same configuration, put different
antenna thickness, is shifted toward the high-impedance region, as it should
be. The approximate analysis of the collinear array with short-circuited
quarter-wavelength (wo-wire line as coupling element was carried out by
King [5] using the superposition of the symmetrical part and the antisymmetri-
cal part. In the symmetrical part all three units are individually center -driven
by slice generators with voltages that maintain equal current in phase at the
center ofthe units;kbut in theantisymmetrical part the driving voltagesareso
chosenthatthe curreats at the centers of the outer unitsarereversed., The
zeroth-order inputimpedance obtained by King for aninfinitely thin (Qia)j antenna
array of the configuration shownin Fig, 20with 4=d = ‘—i-)\ is equal to%—(315+j 207)
ohms, over the image plane, and is plotted as a triangular point in Fig. 20,
The measured impedance for 4 = d = 71—)\ lies below the approximatetheoretical

value. The resistive parts agree very well i about the same ratic as the

corresponding values for an isolated dipole but the reactive partdiffers con-
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tained by a collinear array with each element center-driven by a slice
generator. These conditions are approximately satisfied in the arrange-
ment in Fig. 16. In general, there are significant antenna currents on the
section of two-wire line and the resulting field of all currents differs appre-

ciably from that of a conventional collinear array.
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